This paper presents some observations on the dietary treatment of phenylketonuric children seen in Glasgow during the past decade. Both the efficacy of the low phenylalanine diet in preventing brain damage (Bessman, 1966) , and the adequacy of diagnostic criteria when applied in early infancy (Schneider and Garrard, 1966; Stephenson and McBean, 1967a) have recently been questioned. We therefore feel that it is important to record the interim results of dietary treatment of patients in whom the diagnosis of 'true' or classical phenylketonuria has been formally established (Stephenson and McBean, 1967a) . We confirm the value of this treatment but confine our presentation particularly to three topics: the effect of the age when diet is started upon the intellectual result; the effect of good and bad dietary control; and the effect of stopping the diet. These three sets of observations have direct relevance to the treatment of the phenylketonurics that are being diagnosed now, and give additional support to the phenylalanine intoxication hypothesis of Woolf (Woolf and Vulliamy, 1951) . Methods Case selection. Dietary treatment was given to all phenylketonuric children presenting under the age of 7 years, except for two institutionalized psychotics, and also to one 10-year-old.
To eliminate all diagnostic uncertainties, only those 31 patients who have been observed until after their first birthday are considered in this report.
Diagnosis. Evidence of severe phenylalanine hydroxylase deficiency persisting beyond the first birthday established the diagnosis in all cases (Stephenson and McBean, 1967a) .
Chemical methods. Serum phenylalanine was estimated by the L-amino acid oxidase method of La Du and Michael (1960) .
Psychometric tests. The type of test varied with the age and development of the child. Infants and those Received April 17, 1967. of low mental age were usually marked on the Griffiths Scale (or Cattell Infant Scale, in earlier years). The Stanford Binet Scale Form L-M was used for most older children. The Wechsler Intelligence Scale for Children (WISC) was employed in selected cases. An estimate of reading age was made in children of school age on the basis of Schonell's Reading Vocabulary. 95% of these tests (approximately 100-including all of those used in the construction of Tables I and II and  Fig. 2) were performed by one psychologist.
Low phenylalanine diet. The children were given a low phenylalanine diet as described by Hutchison (1962) . This resembled that recommended by the Medical Research Council (1963) , except that the low phenylalanine food (Minafen in the infant, Cymorgan in the older child) was given until the serum phenylalanine was normal or subnormal, and then supplemented by known amounts of dietary phenylalanine (e.g. cows' milk) until the blood phenylalanine was stable. Before 1961, negative urine ferric chloride tests and clinical well-being were the only criteria of adequate control in the early stages (six cases).
Vitamin supplements and iron were given to all. The patients were initially stabilized in hospital, as is the usual practice in Great Britain (Holt, 1963) . They were then followed at a phenylketonuria clinic held by one of us (S.McB.) with a dietitian and nursing auxiliary. Visits were usually at intervals of 2 to 4 weeks. At clinic visits, after clinical assessment and growth measurements, time was allowed for discussion of family problems. Dietary adjustments were made in the light of serum phenylalanine estimations: a concentration of 2 mg./100 ml. was considered ideal during the treatment years analysed in this paper. Low phenylalanine foods, vitamins, and iron supplements were provided at the clinic. A special low phenylalanine (and gluten-free) loaf* and low phenylalanine biscuits* have been a boon to older children. Transport to the clinic was provided where necessary.
Psychological testing was carried out at 6-monthly or yearly intervals (occasionally more often). (Stephenson and McBean, 1967a) .
Results
Complications and difficulties. Eczema followed phenylalanine deprivation in two infants, but responded to additional dietary cows' milk. One of these (Case 4), the first infant treated, had prolonged phenylalanine deficiency: his case is described later.
The heights and weights of these children clustered about the 25th centile, using the charts of Tanner and Whitehouse (1959) , but were probably nearer the normal for the local population. Growth failure occurred in Case 2 between the ages of 6 and 18 months, due in part to overzealous parental restriction of phenylalanine.
After the age of 18 months, several of the children developed a taste for other foods, and raised serum phenylalanine levels were more frequent, sometimes with frank phenylpyruvic aciduria (ferric chloride test). In most cases the hyperphenylalaninaemia resulted from excessive dietary phenylalanine, and would revert to normal during controlled diet in hospital. In the series of Sutherland, Umbarger, and Berry (1966) acute episodic illness contributed to the majority of serum phenylalanine increases, but this was not our experience. The very normality of Case 4, treated from early infancy, led the parents to doubt the diagnosis and abandon the diet.
In 13 of the 27 families there were considerable social or psychological disturbances (including 2 suicide attempts), with chronic physical illness in first degree relatives in 4 families. One mother was understandably unable to cope with three diets (for phenylketonuria, diabetes, and nephrosis) simultaneously, and only 2 of the 5 mothers who had a pair of phenylketonuric children were consistently successful.
Effect of age of starting diet. Early infancy. The results of intelligence testing of the 8 children treated from the first 3 months of age are given in Table I and can be compared with the IQ distribution in untreated children in Table  II . The mean IQ of the 5 children tested after 2 years of age is 93.
The number of cases is small, but no correlation is evident between the resultant intelligence and Late childhood. Table II shows the distribution of intelligence (tested at the age of 2 years or over) in children treated from the age of 6 months to 10 years, compared with the untreated children of the same series.
It is evident that the distribution of intelligence among these older treated patients is quite different from that of Cases 1-8 (Table I) (Case 27) , who was detected during a survey of special schools (Wilson, Menzies, and Scott, 1966) . Fig. 1 demonstrates an advance in her Reading Age from the time of onset of the low phenylalanine diet.
Effect of dietary control. We have determined the distribution of serum phenylalanine levels in each year of treatment of each of our Cases 1-27. (Cases 9 and 10 are not included in this report because observations did not extend beyond the first birthday.) Whichever upper limit of satsfactory control is chosen, it is not possible to demonstrate a correlation between degree of control and resultant intelligence in the children treated after the age of 6 months.
However, we do have some evidence that the degree of dietary control influences the intellectual development of those treated from early infancy. A serum phenylalanine of 12 mg./100 ml. has been arbitrarily chosen as a seriously high level (American Academy of Pediatrics, 1965) ; in fact we found no differences between the patients when using an upper limit of 4 mg./100 ml. Table III shows that by this criterion control was good in the first year, and Griffiths Quotients after this were normal, with the exception of Case 2. In this child's first year 86% of the phenylalanine estimations were below 2 mg./100 ml. and 50% below 1 mg./100 ml.; no other explanation is available for the low IQ which was unchanged at age 21 months. Two children deserve further mention because they changed to a normal diet while their intelligence was normal and later returned to a phenylalaninerestricted diet.
The first case history also illustrates so many aspects of the diagnosis and treatment of phenylketonuria that it is presented in some detail. (Stephenson and McBean, 1967b) . Vomiting began at 28 days and 12 days later he was admitted to hospital, weighing 3 -8 kg. Ferric chloride test on his urine was negative, but the urine was strongly alkaline. A large pyloric tumour was felt, and seen at operation two days later when pyloromyotomy was carried out. Three days after the operation, the ferric chloride test was weakly positive and became stronger over the next 3 days. Two days later, when he was neurologically and developmentally normal, with a serum phenylalanine of 37-1 mg./100 ml., he began low phenylalanine diet. Phenylalanine restriction was excessive, and vomiting recurred, with failure to thrive, eczema, and anaemia sufficient to require blood transfusion. At the age of 4 months his Cattell developmental quotient was only 55. After increase in phenylalanine intake there was immediate improvement in general condition, and weight gain. At 10 months of age, his Cattell quotient was 86 and by 18 months his Griffiths quotient was 97, with consistent results in all scales.
Two months later the first high serum phenylalanine (18 mg./100 ml.), since he had started the diet, was recorded. The parents had decided that the child was normal and did not need the diet. After considerable persuasion, an attempt at phenylalanine restriction was continued for four months, but control was very poor. At the age of 2 years the diet was abandoned: at this stage the child seemed normal in all respects. His serum phenylalanine was 33 mg./100 ml. The Stanford Binet IQ was followed carefully.
Each IQ did not differ significantly from the preceding one, but the trend was consistently downwards. At the age of 3 years 2 months his IQ was 73 and he failed all but one of the non-verbal items appropriate for a 2j-3 year level. He was facile and hyperactive with short attention span, and impervious to training. He had no sphincter control and habitually smeared himself with faeces. At this stage it was possible to convince his parents that phenylalanine restriction should be restarted, and dietary control has since been excellent (mean serum phenylalanine 3-0 mg./100 ml., 90% of tests in range 1-6 mg./100 ml., 100% less than 8 mg./ 100 ml.). Mental growth rate increased from then onwards (see Fig. 3 ). At 6 years 2 months his Stanford Binet IQ has reached 94, but there is evidence of some verbal performance discrepancy (first test failures: folding triangle, copying square; last successes: comprehension, opposite analysis, 'fall in the mud'). He is a pleasant well-built black-haired boy, holding his own at normal school.
Case 21. This only child, birthweight 2-9 kg., sat alone at 10 months, walked at 17 months, and did not speak till 2 years 7 months. She dribbled constantly from the age of 18 months. At the age of 2 years 11 months her urine ferric chloride test was positive for phenylpyruvic acid. She was still dribbling, had a 'stiff' gait, and easily overbalanced. Her IQ on the Cattell Infant Scale was 55. On low phenylalanine diet (monitored by ferric chloride tests alone) her development accelerated and her abnormal behaviour disappeared. At the age of 4 years 8 months, when her IQ was 78 (Merrill-Palmer), phenylalanine intake was increased from 350 to 2500 mg. daily for one week. Her behaviour regressed, with dribbling from the comer urine FeCi3 test was again strongly positive.
She improved at once on restarting the diet, and was extremely well controlled for the next 2 years (serum phenylalanine range 2 0-4 * 5 mg./100 ml.). At 5 years 1 month Stanford Binet IQ was 105, and at 6 years 6 months it was 114 (Table IV) . She had some difficulty with arithmetic, but her teacher reported good progress.
She was then taken off the diet (serum phenylalanine 31 mg./100 ml.). There was only slight change in her behaviour on this occasion, but her mother thought that her concentration difficulties increased. She was kept back a class at school for the first time. A notable finding was the discrepancy between the verbal (118) and performance (79) scale IQ on the WISC. On Stanford Binet Form L-M she failed some tests which she had passed 8 months previously. In this equivocal situation diet was restarted. There has been little change in her rate of progress, but a gradual reduction in verbal-performance discrepancy has been noted on intelligence testing.
Discussion
The most important question, which has been posed by Bessman (1966) and Birch and Tizard (1967) , is whether phenylalanine restriction can prevent mental retardation in phenylketonurics. Our results with 'true' phenylketonurics suggest that it can, confirming the results of earlier authors (see Lyman (1963) and Knox (1960 Knox ( , 1966 for bibliography, and other references below Table V) . The evidence of the first column ('0-3 months') of Table V-synthesized from published cases and the present series-is quite clear, and is valid even if a few of the published cases were not true phenylketonurics.
The next practical problem concerns the timing of dietary treatment. In his statistical review, Knox (1960) suggested a progressive loss of intellectual potential related to the age at which the diet was begun. Children treated before the age of 16 months fared much better than those treated between 16 months and 3 years. Coates (1961) , on the other hand, found no such correlation. The explanation for such discrepancies lies in the number of patients in each series treated before the age of 3 months. (Stephenson and McBean, 1967a ) from the permanent. No evidence that harm resulted from a few weeks' delay in treatment was found in our series (Table I) , but the number of cases is small. The same result was obtained by Sutherland et al. (1966) , again with small numbers. In their series all children treated from the first 3 months had normal IQ (100-118): the oldest child tested was 55 months.
Of obvious importance to those concerned with the management of phenylketonuric children is the degree of biochemical control necessary to allow normal development. Bickel and Gruter (1963) advised that the serum phenylalanine-amino oxidase method-should be kept between 0-8 and 1-5 mg./100 ml. The Medical Research Council (1963) recommended that the limits should be 1-5 to 40 mg./100 ml. Umbarger, Berry, and Sutherland (1965) controlled serum levels at 3 to 7 mg./ 100 ml.-chromatographic method-and tried to keep the urine free from o-hydroxyphenylacetic acid. There is no sound evidence indicating which degree of control is best for the phenylketonuric, but we have shown that the occurrence of serum phenylalanine levels over 12 mg./100 ml. is associated with inferior intellectual development. The apparent importance of the second and third years of treatment gives rise to some concern, because at this time of life dietary management is at its most difficult. In early infancy, in addition to avoiding hyperphenylalaninaemia, it may be particularly important to avoid low blood phenylalanine levels, so that temporary 'phenylketonurics' are diagnosed as early as possible and brain damage from phenylalanine deprivation prevented (Stephenson and McBean, 1967a) .
The problem of when to stop the diet in phenylketonuria is an agonizing one (Moncrieff, 1964) . A number of authors have found little change in the IQ of children allowed ordinary food from early school age or even sooner (Horner, Streamer, Alejandrino, Reed, and Ibbot, 1962; Vandeman, 1963; Murphy, 1963; Solomons, Keleske, and Opitz, 1966; Hsia, 1966) , but Centerwall, Centerwall, Acosta, and Chinnock (1961a) warned that a return of features such as irritability and clouding of affect could have an adverse effect on the child's progress even if the IQ did not decrease. Clayton, Moncrieff, Pampiglione, and Shepherd (1966) investigated this problem by observing the change in electroencephalographic patterns during phenylalanine loading tests. One of their most interesting findings was that there were EEG changes during loading in 7 of the children, but little if any in 3 patients treated from the early weeks of life or in 2 older children who had attained entirely normal intelligence. This study did not give a clear answer to the problem of when to stop, but it did hint that the least brain-damaged may be the least susceptible to phenylalanine or its metabolites.
We felt it important to describe in some detail the 2 phenylketonuric children who took normal diet for several months before returning to phenylalanine restriction. The boy (Case 4) showed progressive deterioration on ordinary diet, and progressive improvement on low phenylalanine diet. During each of these periods clinic visits and psychological testing continued, and it is not possible to escape the conclusion that his intellectual growth was related to his dietary control, and not to factors such as mental stimulation, as suggested by Bessman (1966) . The girl (Case 21) who has evidence of more subtle brain damage, did not show unequivocal evidence of regression during her second period of normal diet, but the impression of mother, teachers, and psychologist led to the low phenylalanine diet being reinstituted.
In the circumstances, those physicians who firmly believe that the diet should be stopped in the early school years should only allow this in the context of a controlled trial, employing a battery of psychological tests. Others, more conservative, must watch and wait.
We have said little of the treatment of the older phenylketonuric, because if infant screening is successful it should soon cease to be a problem. It is in these patients that more of a case for doubting the effect of treatment can be made, especially when the distribution of intelligence is compared with that of untreated children at home (Table II) , rather than with that of institutionalized subjects calculated in retrospect (Paine, 1957) . However, in some of our patients from age 3-5 years, improvement has been so remarkable that withholding a trial of the diet from any future children of this age-group is not justified. In one 10-year-old patient (Case 27- Fig. 1 ) low phenylalanine diet was associated with an acceleration of reading progress, but this may not have been cause and effect. It is in high-grade children of this age-group that controlled trials are in order to determine whether the diet or other factors are responsible for such improvements.
Summary
The results of dietary treatment of this group of confirmed phenylketonurics is presented. The small number treated from the first three months of life maintained normal intelligence, provided serum phenylalanine control was good. The intelligence quotient (IQ) was lower in those whose serum phenylalanine exceeded 12 mg./100 ml. after infancy, and also in one child whose serum phenylalanine was less than 2 mg./100 ml. during most of his first year. 40% of children treated after the age of 6 months had a recent IQ of more than 60 (tested at age 2 years or more), contrasted with 12% of comparable untreated cases. Decline of IQ after stopping the diet at the age of 2 years, and return towards normal after the diet was reinstituted at 3 years, were demonstrated in one child. The results of stopping the diet in older children were variable, but caution is advocated.
The problems of diagnosis, and the meticulous treatment necessary to avoid both phenylalanine excess and deficiency, are such that cases detected by infant screening surveys should be referred to special centres wherever possible.
